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ABSTRACT

Author: Danielson, Ted U. MS
Institution: Purdue University
Degree Received: December 2017
Title: Vehicle Integrated Aerospike for High Mass Mars Missions
Major Professor: Michael J. Grant
A significant factor that currently limits exploration of Mars is the limited payload
mass that can be safely placed on the Martian surface. Current systems have only
demonstrated successful landing of up to 2 metric tons of payload mass on Mars as seen
with the Mars Science Laboratory (MSL). Requirements for future manned missions to
Mars will probably require up to 40 metric tons of payload mass in a single descent vehicle.
While inflatable and rigid aerodynamic decelerators provide a solution to this problem,
supersonic retro-propulsion (SRP) boasts greater simplicity of design as well as improved
targeting control. Furthermore, descent vehicles using exclusively SRP could potentially
be used as efficient Mars ascent vehicles (MAV).
Research into the interaction between the flow of a retro-rocket and the oncoming
supersonic flow has revealed that SRP can provide drag modulation effects in addition to
the inherent drag of a conical aeroshell. This shows that there is benefit to SRP beyond a
purely propulsive contribution to deceleration by allowing for drag retention and even drag
augmentation. However, with some SRP configurations, increasing thrust too much proves
to cancel out the drag force and even going so far as to reduce the drag on the aeroshell.
This study examines an alternative approach for SRP, a toroidal aerospike engine
that uses the body of the vehicle as part of the engine. This nozzle configuration delays
drag reduction on the aeroshell while increasing thrust due to its peripheral plume structure
without providing any drag augmentation. The analysis of this configuration involves
computational fluid dynamics (CFD) using OpenFOAM, an open source CFD solver,
shown to somewhat model SRP flows. While it has difficulty in properly modelling the
flow interaction between the jet plumes and the oncoming flow, trends in fore-body
pressure distribution found in experimental data and other CFD based studies are matched.
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1. INTRODUCTION

The State of Mars EDL
The primary factor that prevents high mass missions to Mars is the lack of a means to
efficiently decelerate landing craft. As well, existing methods of deceleration lack an
effective means of allowing for downrange targeting and trajectory control to ensure
pinpoint landing. The current technologies used for entry, descent, and landing (EDL) are
only capable of effectively landing low mass missions no greater than 2 metric tons
compared to the demands of high mass missions upwards of 40 metric tons such as those
involving crewed exploration.
1.1.1

Previous EDL System Architecture

As of 2017, the primary method by which vehicles have been successfully landed on Mars
has not changed. These previous missions have generally used the same EDL system
architecture. Deceleration begins with a rigid aeroshell during atmospheric entry and the
hypersonic phase. This is followed by a supersonic phase occurring around Mach 2 where
a disk-gap-band parachute is used to increase drag area and slow descent [1]. Finally, the
vehicle reaches a subsonic phase where a form of propulsive deceleration is used.
Parachutes and aeroshell drag have been the only means by which deceleration was
achieved during high speed supersonic flight. The latest successful landing to Mars was
the Mars Science Laboratory (MSL) which landed on August 12th 2012. MSL to date is
also the largest and most massive vehicle that has been successfully landed on Mars with
a landed mass of 1.7 metric tons [2]. Before this, seven other missions have successfully
brought equipment to the surface of Mars, all using inherent aeroshell drag, parachutes,
and a terminal descent engine[3]. These previous missions to Mars are shown in Figure 1,
including Viking 1 and 2, Pathfinder, Spirit, Opportunity, Phoenix, and MSL. While
sufficient for these robotic missions, MSL begins to reach the limits of current EDL
architecture.
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Figure 1: Summary of previous Mars lander missions. Reproduced from Edquist et. al [2]
Some innovative means of increasing payload mass while using this technology include
the use of inflatable airbags to protect the vehicle in the final drop or a sky crane to safely
lower the vehicle to the ground. However, the EDL system architectures before terminal
descent are ultimately the same; during the supersonic region of flight, the vehicle uses a
parachute to slow from supersonic to subsonic after using aeroshell drag to slow from
hypersonic to supersonic.
In addition to the limits in payload mass, pinpoint targeting is an important part of landing
on Mars. A descent vehicle’s ability to land at a location is defined by its landing ellipse,
the area in which there is uncertainty as to where specifically it will land. Missions prior to
MSL have been unguided leading to very large landing ellipses with areas hundreds of
square kilometers in size. MSL used a form of guidance by jettisoning 150 kg of mass to
adjust the center of mass and lift-to-drag ratio. This increased the accuracy to a landing
ellipse of 20 x 6 kilometers [4]. While the use of guidance shows a tremendous
improvement in landing accuracy, the ability to land on Mars with near perfect accuracy is
not yet there. Human class missions can require multiple individual vehicles landing in the
same place to provide additional equipment or support. Being able to repeatedly and
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reliably land in the same spot on Mars is of great importance to successful human class
missions.
While this EDL system architecture is a proven method and has worked for vehicles up to
the 2 metric ton size of MSL, it has been shown that the disk-gap-band parachute is limited
in size and does not function for larger vehicles [2]. The structure of a larger parachute
cannot withstand the force undergone during the supersonic phase and will have difficulty
fully inflating due to the low density of the Martian atmosphere. As such, any vehicle larger
than MSL must use a decidedly different EDL system architecture such as aerodynamic
deployables or supersonic retropropulsion.
1.1.2

Aerodynamic Deployables

Aerodynamic deployable decelerators are packed into the descent vehicle and expanded to
decrease the ballistic coefficient by increasing drag area [5]. The equation for ballistic
coefficient is defined by
𝑚
(1)
𝐶𝐷 𝐴
However, these methods are limited in their ability to control downrange targeting and
𝛽=

trajectory due to the nature of these decelerators usually being a fixed shape. Some methods
to reduce crossrange and downrange error include proposed designs that allow for guidance
by altering the lift and drag caused by these aerodynamic decelerators. By incorporating
the methods used by the MSL or by using proposed means of altering the shape of the
decelerator to alter the lift-to-drag ratio, some amount of guidance can be achieved [6], [7].
A further issue with aerodynamic decelerators is that additional deceleration systems will
be required to slow down a landing vehicle during the terminal descent phase. A landing
vehicle will require a form of propulsive deceleration at the end of its flight to correct for
targeting errors and reduce the final velocity to zero. This need for a propulsive terminal
descent phase has been a constant throughout all EDL system architectures both tried and
proposed.
1.1.3

Supersonic Retropropulsion

Supersonic retropropulsion (SRP) represents another solution to the problem by having
engines facing into the supersonic flow. With the ability to throttle the retropropulsive
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engines and direct thrust, supersonic retropropulsion excels at pinpoint targeting by
reducing downrange and crossrange error. In addition, using a supersonic retropropulsive
system allows for a single means of slowing down throughout the supersonic and subsonic
portions of the descent trajectory. Having fewer systems reduces complexity and chance
for failure in the landing system [1]. Supersonic retropropulsion system research has so far
been focused on blunt bodies that have engines located either at the center, periphery, or
aft of the upwind facing side of the body [8], [9].
When performing a retropropulsive burn, the primary means of axial deceleration will
typically come from thrust rather than from drag. This often results in large mass
requirements for fully propulsive EDL system architectures since nearly all the vehicle’s
velocity must be reduced by propulsion [1]. While this is certainly not an impossibility, the
requirements for bringing such a descent vehicle that carries a human mission payload
necessitates a massive launch vehicle almost to the point of infeasibility [10]. It is for this
reason that SRP, while considered, is often not chosen as an effective Mars mission
architecture, as concluded in the Mars Design Reference Architecture 5.0 [11].
However, the benefits of SRP are evident in its ability to provide the guidance needed for
pinpoint landing. If the propellant mass requirements could be reduced by means of
increasing total axial force on a vehicle, SRP would become more competitive as a method
of landing payloads on Mars.

History of SRP
During the era of the Viking program, 1970 to 1980, SRP was a subject of significant
interest. Several studies performed at the time examined the usefulness of SRP in
delivering payloads to Mars. These tests looked at peripheral and central nozzle
configurations with multiple values for thrust and freestream velocity. Examples of these
nozzle configurations are shown in Figure 2. While SRP was ultimately not selected for
use in the Viking missions, as the disk-gap-band provided the primary means of
deceleration, the study proved useful for future SRP work.
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b)

a)

Figure 2: a) Central nozzle configuration. b) Peripheral nozzle configuration

1.2.1

Wind Tunnel Experiments

Many studies that examined SRP flowfields found that the amount of drag experienced on
the vehicle can be affected greatly by the amount of thrust output by the engine. For these
studies, the thrust output by the engine is quantified by a thrust coefficient (𝐶𝑇 ) defined by:
𝑇
(2)
𝑞∞ 𝐴
This coefficient is the force of the engine normalized by the dynamic pressure (𝑞∞ ) and
𝐶𝑇 =

area (𝐴) of the freestream to match other force coefficients, primarily the drag coefficient
(𝐶𝐷 ).
In 1962, Peterson and McKenzie performed the first study that examined the concept of
using SRP as a means of altering drag [12]. The study involved examination of low thrust
levels thrusting in the direction opposite of drag and their ability to modulate the drag.
While the purpose of the study was not to examine the system’s ability to decelerate a
vehicle using the thrust, they discovered that at these low thrust values, the force of drag
on the body of the vehicle was decreased. In fact, the force of drag was decreased by such
an amount that the total axial force used to decelerate the vehicle was less than that of when
total axial force was solely aerodynamic drag. The study concluded that drag modulation
could be achieved using a low thrust central nozzle configuration engine.
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Keyes and Hefner in 1967 performed a similar study but instead examined a peripheral
nozzle configuration with the nozzles located on the outboard of the vehicle [13]. In
contrast to the study by Peterson and McKenzie, they found that increasing thrust in this
configuration could increase drag on the vehicle rather than decrease it. The primary
conclusion of this study was that forward-facing jets near the periphery of the body can
augment the drag.
In 1970, Jarvinen and Adams performed one of the most extensive studies on this
phenomenon by examining both central and peripheral nozzle configurations across a wide
variety of thrust coefficients and freestream Mach numbers [8]. Being such a wholesome
study on the topic, some insight into the effects seen in the previous studies could be gained.
For one, the use of peripheral engines could effectively delay the decrease in total axial
deceleration force until a thrust coefficient of 1 was reached. Figure 3 shows these findings
and confirms that the central nozzle configuration could reduce drag to particularly low
values while the peripheral configuration could preserve drag to an extent. However, no
significant mention of drag augmentation caused by the peripheral nozzle configuration
was made.

Figure 3: Comparison of total axial force coefficient for peripheral and central nozzle
configurations at M = 2.0 [8]

7
With advances in computing technology and needs for heavier payloads on Mars, the
ability to analyze the key aspects and physics behind SRP becomes both simpler and
necessary.
1.2.2

Computational Fluid Dynamic Simulations

With the limits of Viking era deceleration methods becoming more evident, SRP has
regained some interest as a potential means of providing a solution to this need. This
interest has sparked several studies that aim to look into and further explore the
phenomenon of drag augmentation through the use of modern computing technology,
namely Computational Fluid Dynamics (CFD). CFD has allowed for the analysis of flow
fields without the need of potentially time-consuming and expensive wind tunnel tests and
test vehicle construction. Previous attempts have been made that successfully model the
central and peripheral nozzle configurations described by Jarvinen and Adams in their wind
tunnel tests. These two nozzle configurations have become very widely simulated and are
used for both validation of CFD tools and analysis of flow-field interactions.
Bakhtian and Aftmosis in 2010 performed a study that examined the drag augmentation
effect that is found in peripheral nozzle configurations [14]. This study began to provide
some insight into this phenomenon. Bow shocks that form in front of the vehicle have both
a normal shock section directly ahead of the vehicle and an oblique shock section to the
sides. The normal shock causes a decrease in total pressure, reducing the effective drag on
the vehicle. However, when the flow passes through the oblique shock the effect of this
pressure drop is reduced due to the angle of the oblique shock. Bakhtian found that the
plumes created by the thrusting nozzles on these SRP configurations form an apparent area
that create a bow shock. In the case of the peripheral nozzle configuration, multiple of these
bow shocks form which he refers to as plume-shock skirts [15]. The area where the shocks
overlap become shock-shock interactions, seen in Figure 4.
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Figure 4: Representation of the shock structure formed by multiple peripheral jet plumes
as well as shock-shock interaction locations. Reproduced from Bahktian and Aftmosis
[16].
Since these regions of flow are oblique shocks rather than normal shocks, the total pressure
losses are reduced significantly, resulting in an increase in drag on the vehicle. The ratio
of total pressure after a shock to before a shock (𝑃𝑡1 /𝑃𝑡0 ) is dependent upon the angle of
the oblique shock to the freestream flow (𝑠). This relation is defined as
𝛾

1

𝛾−1
(𝛾 − 1)𝑀2 sin2 𝑠 𝛾−1
(𝛾 + 1)
𝑃𝑡1
(3)
=(
)
(
)
(𝛾 − 1)𝑀2 sin2 𝑠 + 2
𝑃𝑡0
2𝛾𝑀2 sin2 𝑠 + 2
If the angle is 90 deg, the ratio is lower than if the flow passed through two shocks of angles

less than 90 deg.
Another study, performed by Cordell in 2013, sought to maximize drag preservation.
Instead of focusing on the means of augmenting drag, the study primarily focused on the
means of drag preservation, particularly through nozzle canting for fore and aft-body
nozzle configurations [9]. The results of the study showed that having a high canting angle
in fore-body peripheral configurations result in greater drag preservation since the inboard
bow shock and flow-field are unaffected by the plume shocks. In the case of an aft-body
nozzle configuration, drag is preserved at all tested thrust coefficients. For the effect of
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preserving drag, an aft-body nozzle configuration and peripheral nozzle configuration are
desired over the central nozzle configuration.
Both studies show that the central nozzle configuration results in significant drag losses
when thrusting directly into the flow. Bakhtian likens the central nozzle configuration to a
blunt cone with an aerospike as seen in Menezes et al. [17]. For these reasons, it is quite
clear that for the purposes of drag augmentation or preservation, a central nozzle
configuration should not be considered.
Some comments can be made on the process by which CFD is used to generate accurate
solutions for SRP simulations in the case of the central and peripheral nozzle configurations.
A study by Korzun et al. used FUN3D to analyze the supersonic flow-fields in the central
and peripheral nozzle configurations [18]. This study compared the effects of viscosity,
turbulence, and mesh refinement on the stability and accuracy of the solution. It was
concluded that inviscid and laminar solutions to CFD result in instability in the solution.
As well, the inviscid-laminar solution resulted in higher drag values at higher thrust
coefficients compared to experimental data. The viscous solutions had enough dissipation
that the flow would progress to a relatively steady state. Though the solutions were not
perfect, they were able to successfully show the trends seen in the Jarvinen and Adams
experimental data. These solutions are, however, still useful in comparing different designs.
As shown in another study by Bakhtian and Aftosmis, an inviscid analysis produced similar
trends in drag coefficient as a function of thrust coefficient [14]. Because of these findings,
CFD simulations, such as those run by Cordell, simulated the flowfield using viscous turbulent models. Specifically, in Cordell’s case, the turbulence model used was a Menter
SST model [19].
In addition to the work on drag preservation, Cordell performed a validation of FUN3D
using the Jarvinen and Adams work as part of his research into an alternative SRP
configuration that places the engine nozzles at the aft-body of the descent vehicle. Several
factors were compared between the FUN3D simulations and the wind tunnel tests including
bow shock standoff, radial pressure coefficient distribution, and drag coefficient. While
results generated using FUN3D showed many of the same trends as found in the original
wind tunnel tests, FUN3D had some errors in certain cases. For example, FUN3D tends to
under-predict the standoff distance of specific flow field points of interest, such as the bow
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shock, stagnation point, and jet terminal shocks. These discrepancies can be seen in Figure
5.

Figure 5: Flow structure locations for varying CT of the single nozzle configuration using
FUN3D in comparison to experimental work by Jarvinen and Adams. Experimental data
is not provided for a zero thrust coefficient case. Reproduced from Cordell [9].
However, FUN3D computes a very good estimate of drag coefficient at different values of
thrust coefficient. This can be seen in Figure 6. FUN3D seems to adequately capture the
effects of drag modulation at varying thrust coefficient values to a very high degree. From
these comparisons, it is very clear that FUN3D is an appropriate tool for analyzing SRP
drag modulation. As well, CFD in general is clearly capable of accurately predicting
phenomena that occur in SRP.
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Figure 6: CD variation with CT for the single nozzle configuration using FUN3D in
comparison to experimental work by Jarvinen and Adams. Reproduced from Cordell [9].

1.2.3

Comments on Flow-Field Interactions

To summarize the phenomena described in previous sections, a bow shock exists in front
of a blunt body travelling at supersonic velocities when there is no propulsion. The bow
shock standoff distance and size are altered by the modulation of thrust coefficient for both
central and peripheral nozzle configurations. When compared to a purely propulsive burn
with an engine neglecting aerodynamic effects, this aerodynamic drag is significant in that
it would reduce the amount of propellant required to decelerate from supersonic speeds.
The problem lies in when these are combined; when the engine is turned on while in
supersonic flow, the flow from the engine, if strong enough, will alter the bow shock ahead
of the body, which can detract from the aerodynamic drag force.
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In the case of a configuration where the nozzle is placed centrally in a blunt body, using
the engine eliminates the effects of aerodynamic drag at small thrust coefficients. The
central and zero-cant peripheral nozzle configurations prevent the use of high thrust
without reducing the aerodynamic effects provided by the bow shock. As such, it is limited
in maximum thrust, thus providing a less efficient means of deceleration than could
potentially be achieved. Because the aerodynamic effect is reduced, the task becomes
almost entirely propulsive and significantly more propellant is required for deceleration. In
the case of a configuration where the nozzles are placed around the periphery of the descent
vehicle, the flow from the engines can exhibit some drag increases on the vehicle due to
shock interactions, potentially increasing the aerodynamic drag. This can be seen in Figure
3, where the central nozzle configuration loses effectiveness at very low coefficients of
thrust while the peripheral configuration maintains the axial drag force as the coefficient
of thrust increases. As such, a peripheral engine configuration is desirable compared to
central nozzle configurations since it enables shock interactions that can produce additional
drag through pressure preservation. To that end, a system other than the peripheral nozzle
configuration that can create oblique shock interactions may also provide sufficient drag
augmentation. Rather than use multiple separate nozzles placed at the periphery to create
plumes outboard of the center, an aerospike engine may prove to be useful.

History of Aerospikes
Aerospike engines refer to an alternative nozzle design from the more commonly seen bell
and conical nozzles. What is commonly known as an aerospike engine has primarily two
forms, a toroidal or annular form as seen in the J-2T-200k engine shown in Figure 7 and
Figure 8, and a linear form as seen in the XRS-2200 engine shown in Figure 9Error!
Reference source not found. [20], [21]. Sometimes they are also referred to as plug
nozzles and can be truncated to a shorter length than their elongated and spike-like shape.
Aerospike engines were first thoroughly investigated in the 1970s by Rocketdyne [22],
[23]. At the time, it was being considered as a low-cost and high-performance option for
use in the project that would become the Space Shuttle Program. The main draw of the
aerospike engine is its higher efficiency at all altitudes due to its ability to have maximum
efficiency at any ambient pressure range [24].
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Figure 7: Image of toroidal aerospike design. Reproduced from Lamont [22].
In principle, the flow of exhaust gasses is contained like traditional bell nozzles; one wall
is the spike section while the other is formed by the outside pressure compressing the
exhaust flow. The ambient pressure surrounding the aerospike forms a wall that can
compress the gasses for a lower expansion at low altitude or enable the gasses to expand at
higher altitudes, resulting in perfectly expanded flow. The spike portion of the nozzle may
also be truncated in order to reduce weight and cost of manufacturing for a minimal amount
of thrust loss. Alternatively, secondary exhaust can be emitted from the truncated section
to simulate the effect of the aerospike being fully formed.
While the aerospike engine was ultimately not chosen for use in the Space Shuttle program,
interest in it resurfaced with Lockheed Martin’s X-33 Advanced Technology Demonstrator.
In 1994, NASA put out a request for a Reusable Launch Vehicle, selecting the X-33 as one
of two candidates and as the choice for Phase II in 1996 [25]. Due to the aerospike engine’s
ability to maintain perfectly expanded flow, it was selected for use in reusable SingleStage-To-Orbit (SSTO) situations. From this, a great deal of development and research into
aerospike engines, particularly linear aerospike engines, came forth [26], [27].
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Figure 8: Test firing of Rocketdyne’s J-2T-200k toroidal aerospike engine.

Figure 9: Test firing of the XRS-2200 linear aerospike engine.
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Ultimately, the X-33 project was cancelled due to issues unrelated to the aerospike engine
design. The project suggested that an aerospike engine could be useful for operation in a
SSTO scenario, much like how a descent vehicle using primarily propulsive deceleration
would travel through multiple atmospheric pressure regimes. The draw of this capability
should be able to translate to SRP applications in being able to reduce propellant
expenditure by operating a more efficient engine.
Because aerospikes are expensive to manufacture and test in a wind tunnel, CFD provides
an inexpensive alternative. By using an open source CFD solver like OpenFOAM,
aerospikes and other alternative nozzle configurations can be easily tested and examined
in comparison to existing information.

OpenFOAM
The analysis for this study is performed using OpenFOAM, an open source suite of CFD
solvers. Included within OpenFOAM are several solvers that are used for a plethora of
applications including compressible flow, incompressible flow, and combustion. The
solver that will be used for this analysis is rhoCentralFoam, a density-based compressible
flow solver which uses central-upwind differencing schemes.
1.4.1

OpenFOAM Compressible Flow Solvers

There are essentially four solvers capable of performing compressible flow analysis
provided with OpenFOAM: rhoCentralFoam, rhoSimpleFoam, rhoPimpleFoam, and
sonicFoam. The two that initially stand out for SRP applications are sonicFoam and
rhoCentralFoam [28].
RhoCentralFoam is a density-based compressible flow solver that uses Kurganov and
Tadmor central-upwind schemes [28]. The examples suggest usage for supersonic cases
that involve predicting shock locations as well as usage with shock tubes. SonicFoam is a
transient solver for trans-sonic and supersonic flow. It is shown to be able to solve
supersonic flow and accurately predict shock locations as seen in the example tutorial for
a prism in supersonic flow. However, since sonicFoam is a pressure-based solver, it may
have issues in adequately solving SRP cases. RhoSimpleFoam and rhoPimpleFoam are a
steady-state solver and transient solver, respectively, intended for turbulent flow. These
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pressure-based solvers are inadequate for performing analysis in a supersonic scenario
since high speed flows should be analyzed using density based solvers. Pressure-based
solvers were initially designed for incompressible flow and later extended for use in high
speed compressible flows. As evidenced by sonicFoam, pressure-based solvers have been
improved to be used in some higher speed applications. Although pressure-based solvers
can solve compressible flows, they are often less accurate than density-based solvers due
to a different original purpose. Because of the limitations of pressure-based solvers in high
speed flows, rhoSimpleFoam and rhoPimpleFoam were not examined in this study.
1.4.2

OpenFOAM In Similar Applications To SRP

OpenFOAM has been used in applications similar to SRP such as supersonic ballistic
projectiles, missiles, and supersonic re-entry. There are numerous tutorials and examples
that show rhoCentralFoam accurately predicting shock formations and supersonic
flowfields. In particular, one example demonstrates that rhoCentralFoam correctly
calculates pressure before and after the detached shockwave created by a 23 degree wedge
in Mach 1.5 flow [29]. RhoCentralFoam is also shown to be useful in nozzle flow for
subsonic and supersonic cases [30]. In both examples, rhoCentralFoam is shown to be
effective at predicting the flow accurately. Limitations of these studies include a lack of
turbulence and viscosity effects as noted in their conclusions. Since these components have
significant effects on the quality of the solutions, as shown in work by Korzun, it is
uncertain whether turbulence and viscocity can be effectively applied [18]. A good case
for rhoCentralFoam’s accuracy comes from Greenshields et al. which compared
rhoCentralFoam

to

benchmark

CFD

simulations.

The

study

concludes

that

rhoCentralFoam is comparable to other methods that achieve the same goals [31]. There
are also numerous studies that have chosen to use rhoCentralFoam to perform analysis on
supersonic flow scenarios, such as Samel, Talukdar, and Pearl, that provide excellent
descriptions of its capabilities and uses [32][33][34].
SonicFoam has been used for the application of simulating an aerospike nozzle. In a study
conducted by Fuszko et al. a plug aerospike nozzle is examined using sonicFoam.
However, aside from this case, very few studies suggest that sonicFoam is particularly
more useful than rhoCentralFoam for supersonic simulations [35]. One study by
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Marcantoni et al. compared rhoCentralFoam with sonicFoam and found that in supersonic
cases, sonicFoam required three times the number of cells as a rhoCentralFoam mesh to
achieve a similar result [36]. With sonicFoam also having a longer run time per time step,
rhoCentralFoam is more effective at solving these cases.
For these reasons, rhoCentralFoam will be used in this study for performing analysis.
Primarily, rhoCentralFoam has been seen to have more support; more studies use
rhoCentralFoam over sonicFoam and there is more support on CFD forums. In an initial
examination of using sonicFoam for a central nozzle configuration performed in this study,
sonicFoam demonstrated a density discontinuity that could not be resolved. More on this
discontinuity can be found in Section 3.1.
Using OpenFOAM, an aerospike engine configuration for SRP can be tested with relative
ease. In addition, the ability to use OpenFOAM for solving CFD will allow SRP analysis
to become more readily available.

Vehicle Integrated Aerospike
The concept in question and the intended focus of this study involves an engine that uses
the body of the descent vehicle as a component for a toroidal aerospike engine. This design
can be seen in Figure 10. Thrust cells are oriented around the aft of the vehicle with the
fore-body sides of the descent vehicle forming the nozzle ramp.

Figure 10: Vehicle integrated aerospike concept image. Multiple individual thrust cells
along the periphery allow for individual throttling and moment control.
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Because the vehicle body itself makes up the engine nozzle, no excess inert mass is required
to form a nozzle since the nozzle is already incorporated into the structure. In addition, the
aerospike can contain the payload without requiring additional storage space as the entire
volume of the aerospike can be used for storage as seen in Figure 11. This allows the spike
to be extended to increase efficiency without adding additional inert mass that could prove
less useful (as is the case with launch vehicle applications such as the X-33)[24].

Figure 11: Cross-section of the vehicle integrated aerospike that shows key features of
the design.
The design choice of an aerospike allows for improved efficiency at all altitudes. An
aerospike can be contoured to have maximum efficiency at all necessary ambient pressures
along the supersonic descent and final deceleration phases of EDL. The expansion of an
aerospike will outperform a bell nozzle in a dynamic range of ambient pressures.
The thrust cells would be individually throttleable to allow for moment control of the
vehicle and potentially gain the ability to control and augment the aerodynamic forces of
the bow shock. This is particularly useful for controlling the downrange and crossrange of
the trajectory as well as being useful for divert maneuvers without the need for gimbaling
engines. In addition, the location of the thrust cells far above the surface contacting the
ground minimizes the chance that ground debris will damage the thrust cells.
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In the case of a truncated aerospike nozzle, the plume generated by the flow coming off
the ramp may be sufficiently outboard of the center that a similar effect to a peripheral
nozzle configuration can be obtained. If the oblique shock interactions form near the center
of the vehicle, total pressure can be sufficiently maintained to improve drag. A potential
limitation would be that the natural aerospike shape is not prone to inducing drag due to
resembling a supersonic intake when thrust is low.

Study Overview
1.6.1

Research Goals

With the limitations posed by the disk-gap-band parachute and the demanding masses
required to bring crewed missions to Mars, an alternative solution is required. Supersonic
retropropulsion, as it is, would require a large amount of propellant that makes landing on
Mars extremely costly if performed with a fully propulsive EDL system architecture. The
vehicle integrated aerospike is an alternate configuration for supersonic retropropulsion
that intends to leverage the flow-field interaction effects. By using an aerospike, it is
expected that the plume created by the unique geometry may increase the bow shock
standoff distance as well as the intensity of the axial drag force in comparison to the central
and peripheral nozzle configurations for similar thrust coefficients. The potential of the
vehicle integrated aerospike in augmenting drag at higher thrust coefficients could show
that both supersonic retropropulsion and aerospikes are more feasible for use in EDL
applications.
This potential technology advancement is entirely for the benefit of furthering progress
towards high mass Mars missions. If proven to be an improvement on existing supersonic
retropropulsion technology, this advancement could enable more massive payloads to Mars
and reduce on-Earth launch costs. The advantages of using an aerospike nozzle for EDL
are significant in that propellant costs would be greatly reduced from having an engine that
will have a greater deceleration force for the same amount of propellant in most
atmospheric situations. In addition, the proposed design would be capable of more effective
use as an atmospheric transport and launch vehicle for the same reasons. If this supersonic
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retropropulsion technology is beneficial, the end goal of manned missions to Mars may
become one step closer to realization.
Analysis of OpenFOAM as an acceptable tool for examining supersonic retro-propulsion
is important for increasing the availability of analysis. Currently, NASA solvers such as
FUN3D used by Cordell and Cart3D used by Bakhtian are some of the only solvers that
have demonstrated capabilities in adequately solving SRP cases. Demonstrating that an
open source CFD solver is capable of performing SRP analysis could open new gateways
to analyzing SRP.
1.6.2

Chapter Layout

Chapter II goes over the processes and methods used to generate results that can be used
in comparison with previous tests and examples. The chapter discusses assumptions made
to generate the model and cases for validation. The input parameters used in OpenFOAM
to generate validation cases and test cases will be discussed along with vehicle geometries
for both central and aerospike nozzle configurations. The means of validating
rhoCentralFoam will be discussed as well as the test cases used to verify the usefulness of
the aerospike configuration.
Chapter III covers the results of validating OpenFOAM’s rhoCentralFoam solver.
Comparisons will be made with the central nozzle configuration between existing analyses
performed by Cordell and OpenFOAM outputs. This is primarily accomplished through
comparison of bow shock standoff distance and pressure along the fore-body of the vehicle.
Chapter IV discusses the results of the study and compares the aerospike configuration to
the central nozzle configuration and examines differing levels of truncation for the
aerospike. This examination looks at the pressure distribution along the fore-body of the
aerospike nozzle configuration in comparison to the OpenFOAM simulated central nozzle
configuration.
Chapter V provides some recommendations regarding what was learned through this study
and provides insight for future efforts in using OpenFOAM for SRP applications. There
will also be discussion regarding additional tests that could provide additional information
for the aerospike nozzle configuration and potential limitations found in this study.
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Chapter VI concludes the study and provides a concise discussion of the use of aerospike
engines for SRP applications. The primary conclusions of an initial study on SRP using
OpenFOAM are listed here along with the implications they will have on future SRP work.
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2. METHODOLOGY

Methodology Overview
To perform analysis of the vehicle integrated aerospike SRP configuration, a computational
fluid dynamics (CFD) model must be created to allow for examination of the supersonic
flow around the descent vehicle. The primary focus of the CFD model is to quantify how
the engine will interact with the bow shock generated by the vehicle and the fore-body
pressure achieved at different thrust values.
The analysis for this thesis will be done using OpenFOAM 5.0’s rhoCentralFoam solver.
OpenFOAM solvers can solve unstructured 3-dimensional flows. For the purposes of this
analysis, the simulations to be run will be structured grids with a single layer radial wedge
to speed up simulation. By assuming axisymmetric flow, this creates an almost twodimensional simulation with some volume increase as the distance expands radially. This
idea is expanded upon more in Section 2.4.1.
The study will analyze the flow of the vehicle integrated aerospike over a variety of
truncations to capture some of the flowfield interactions that an aerospike will have with
supersonic flow. The flow parameters used for this analysis will match those used by
Jarvinen and Adams to match previous analysis into SRP.

Means of Comparison
The vehicle integrated aerospike will be compared with existing information regarding the
central, peripheral, and aft-body nozzle configurations in similar flow regimes. What will
primarily be examined are the axial force coefficients and drag force on the vehicle.
Bakhtian demonstrated that oblique bow shock interactions could create a reduced drop in
total pressure on the vehicle. By truncating an aerospike engine that is as wide as the
vehicle, it is plausible that a similar effect to the peripheral nozzle configuration could be
achieved, with oblique shock interactions in the center of the nozzle. For this reason, an
aerospike configuration for a SRP system will be examined with differing levels of
truncation. If drag is augmented at higher truncation levels, it would demonstrate that an
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aerospike configuration could be effective in SRP situations and would merit further
investigation.

Validation Overview
Before the analysis of the aerospike nozzle configuration can be performed, OpenFOAM
must first be validated to examine whether it can generate the same results as previous
analyses performed on the same model. The validation of OpenFOAM’s rhoCentralFoam
is performed on the Jarvinen and Adams wind tunnel model for a single nozzle SRP engine.
To perform this analysis, the model of the single nozzle SRP engine will be simulated as
per the measurements seen in studies by Cordell from a similar validation performed using
FUN3D [9].
The validation comparison will be performed on several cases at a range of thrust
coefficients. Each of these thrust coefficients has been chosen to correspond to a case found
in Dr. Cordell’s PhD dissertation and the Jarvinen and Adams wind tunnel test that provides
the requisite methods of comparison, namely the radial pressure coefficient and the
flowfield geometry. These specific thrust coefficients and validation case setup are found
in Section 2.5.2.
These simulations of the central nozzle configuration also serve as a benchmark that can
determine the accuracy of OpenFOAM’s rhoCentralFoam solver when compared to
FUN3D and the experimental data. This allows the aerospike simulation to have a reference
point of comparison without needing a physical aerospike model. While there have been
numerous examples of simulations that demonstrate the rhoCentralFoam solver’s accuracy
in cases of inviscid and laminar flow, definitive comparisons of the rhoCentralFoam
solver’s accuracy in viscous and turbulent cases cannot be found and validation is needed
to examine whether rhoCentralFoam

creates acceptable results.

Furthermore,

rhoCentralFoam has not been found to have been used in SRP applications and the
examination of this potential is of great interest.
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Vehicle Geometries
The vehicle geometries that will be used in this simulation are the central and aerospike
nozzle configurations. The central nozzle configuration is based on the Jarvinen and Adams
wind tunnel tests while the aerospike is designed to be the same scale as the central nozzle
configuration. All geometries will be created in two-dimensional space and then made into
a three-dimensional wedge of single cell thickness. This reduces runtimes by applying the
assumption that the flow will be symmetrical around the center of rotation. Because of this
method, the peripheral nozzle configuration cannot be reasonably simulated. It is however
deemed unnecessary to simulate the peripheral nozzle configuration since it is not the focus
of the study. The use of a central nozzle configuration is sufficient for validation of
OpenFOAM.
2.4.1

Central Nozzle Configuration

The paper by Jarvinen and Adams, as the initial study on the iconic central nozzle
configuration, has a definitive test case and design that will be modelled. Following this
design, Cordell created a 3D model of the central and peripheral nozzle configurations used
in several papers that followed. These schematics are well documented such that it can be
recreated using GMSH, a meshing and geometry tool that will be used to create the mesh.
The design for this central nozzle configuration is provided in Figure 12 [9].
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Figure 12: Central nozzle configuration measurements. Reproduced from Cordell [9].
The geometry reproduced in GMSH uses these diagrams to create as close a model as
possible. To reduce computation time, rather than simulating a full 3-D model of the central
nozzle configuration, a 5-degree wedge, one cell thick, is used to capture 3-D effects while
maintaining computation times close to those of a 2-D model. Figure 13 shows the domain
of the central nozzle configuration. To structure the mesh using GMSH, the domain must
be sectioned off into quadrilaterals. This is performed by extending lines from vertices on
the body of the vehicle to the vertices on the farfield. The result of this is every section
having four sides except for the area aft of the vehicle.
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Figure 13: Domain for central nozzle configuration
Although rhoCentralFoam is a solver capable of solving unstructured grids, a partially
structured grid is created to improve stability and allow for finer tuning of grid sizing. Cells
are skewed such that more cells exist in the flow path of the engine exhaust and in the bow
shock region than aft of the body and in the far field as shown in Figure 14. Figure 15
shows that the cells become smaller when closer to the body of the vehicle and are
particularly small inside the nozzle and in the recirculation region directly behind the
aeroshell.

Figure 14: Domain for the central nozzle configuration with mesh shown. Note that the
right-most section is an unstructured grid.
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Figure 15:Zoomed image of the mesh showing how the mesh is more refined near the
body of the vehicle.
The number of nodes for this domain is 4.48e+6. In comparison, the initial studies from
Cordell used 1.63e+6 nodes for a fine mesh case. It is very likely that the mesh used for
this study is poorly optimized and the number of cells in the farfield could be reduced to
speed up run-times even further. As well, additional domain sections could be used to
improve the quality of the grid. The farfield distance from the body of the vehicle is 4.5
times its diameter at its closest point.
2.4.2

Aerospike Nozzle Configuration

To create a comparable geometry to the central nozzle configuration, the aerospike model
must have a similar sizing and thrust capability. The aerospike is designed as an 80%
truncated toroidal aerospike with a design exit Mach number of 4.336 to match the central
nozzle configuration. The aerospike will also have a 2-inch radius.
Table 1: Aerospike design parameters
Property
Exit Mach
Heat Capacity Ratio
Truncation

Value
4.336
1.2
80%

The aerospike geometry follows the design methods put forth by Rao and Angelino
[37][38]. The geometry of an aerospike is specified by the desired exit Mach number and
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flow conditions. For this case, these are all specified to match the central nozzle
configuration as closely as possible. As such, the aerospike can be designed using
calculations for the turning of supersonic flow by way of Prandtl-Meyer expansion fan
calculations. The expansion fan is created by the tip of the cowl at the throat of the
aerospike, which turns the flow outward. The ramp geometry then follows the turning of
the flow at each point of the expansion fan. The total turning angle (𝜈) of an expansion fan
from an initial Mach number of 1 to a designated Mach number (𝑀) is given by
𝛾+1
𝛾−1 2
(𝑀 − 1) − tan−1 √𝑀2 − 1
𝜈(𝑀) = √
tan−1 √
𝛾−1
𝛾+1

(4)

For the aerospike engine, the chosen exit Mach number of 4.336 defines this total turning
angle. By stepping up the Mach number in the equation, the angle between the throat and
the next Mach number is determined until the design Mach number is reached. This
calculates the angles of the Mach lines which turn the flow, allowing easy calculation of
the nozzle ramp by following this turning from the throat.
Figure 16 shows the result of the aerospike given the flow parameters for the Jarvinen
and Adams wind tunnel tests. These parameters are listed in detail in Table 2. The fidelity
of the cone can be specified with more points increasing the accuracy of the nozzle. The
image shows 20 ramp points, an acceptably high resolution for this study. Increasing the
number of nodes beyond this value does not produce a significantly different result. Since
the most optimal nozzle should theoretically extend to infinity, more nodes will increase
the length of the nozzle far beyond what is physically possible to manufacture.
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Figure 16: Full aerospike showing Mach lines and nozzle ramp.
Truncation is achieved by using the established nozzle ramp curve and removing the frontmost section of it, the right-most section of Figure 16. Truncation is also used to add drag
area on the fore-body of the vehicle as well as reduce mass and size. It can be easily applied
by removing points past the desired truncation. These points are then moved to GMSH and
used to construct an aerospike with the same width as the central nozzle configuration.

Figure 17: Domain geometry for aerospike engine configuration with an 80% truncation.
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The mesh is designed in much the same way as the central nozzle configuration, using a
structured mesh with more cells concentrated near the vehicle. A significant difference is
that the area aft of the vehicle has a structured mesh. This was possible due to the geometry
of the aerospike configuration allowing for quadrilateral volumes.

Figure 18: Domain for the aerospike nozzle configuration with filled in mesh.

Figure 19: Zoomed in image of the mesh showing the grid refinement around the
aerospike nozzle configuration.
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The geometry shown in Figures 17-19 is for an 80% truncated aerospike engine nozzle.
For analysis, multiple geometries will be used by truncating the nozzle and reapplying the
same meshing parameters. The result will be a domain that has the same number of cells
but with a shorter nozzle ramp. The meshes used for the aerospike all contain 6.14e+6
nodes, similar in number to the central nozzle configuration. The domain is slightly larger
by being 6 times the radius of the vehicle. The purpose of this is to account for the potential
increase in plume size due to the exhaust forming in a more radially distant location.

OpenFOAM Setup
2.5.1

Computing Setup

Due to the time intensive nature of CFD, OpenFOAM 5.0 provides a means of using
openmpi to perform multi-threaded simulations across multiple processors and even
multiple computers on a network. Using this functionality can greatly reduce the amount
of computing time required to solve a simulation. For this study, two computers each with
two Xeon E5-2670 processors were used to provide 32 processor cores. In addition, each
computer ran Ubuntu version 16.04 and was outfitted with 64 GB of RAM. With this setup,
the simulations performed for the results in this study took approximately 22 hours each to
complete. These runs simulated 0.005 seconds of time on the grids shown in Figure 14 and
Figure 18.
2.5.2

OpenFOAM Parameters

As stated by Jarvinen and Adams in their wind tunnel analysis and used by Cordell for
validation, the freestream values listed in Table 2 will be used to analyze the aerospike to
generate as close of a comparison as possible. Jarvinen and Adams initially reported a
freestream Mach number and a total pressure for each run which can be input directly
into OpenFOAM. Freestream flow conditions are derived from these values for total
pressure and Mach number as well as the temperature of 173.4 K used in Cordell’s
analysis [9].
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Table 2: Freestream flow values, adapted from Cordell [9].
Property
Mach Number
Temperature
Total Pressure
Heat Capacity Ratio

Freestream Value
2
173.4 K
2 psia
1.2

To obtain the boundary conditions for the inflow boundary of the nozzle, static pressure
and temperature are required. Jarvinen and Adams provide their values in terms of thrust
coefficient as per Equation (2). For Mach 2 flow, only 𝐶𝑇 values of 0.47, 1.05, 2.00, 4.04,
and 7.00 were used. Cordell performed additional analysis on other values of 𝐶𝑇 to create
more data points [9]. FUN3D requires a pressure ratio from freestream pressure to the total
pressure of the thrust chamber of the nozzle; OpenFOAM however requires these values
to be presented as a total pressure. To convert from the pressure ratios used for FUN3D to
total pressure usable in OpenFOAM, isentropic flow relation is used,
−𝛾

𝛾 − 1 2 𝛾−1
(5)
𝑃∞ = 𝑃𝑡 (1 +
𝑀 )
2
With the given ratio between 𝑃∞ and 𝑃𝑡,𝑗𝑒𝑡 this equation allows for the calculation of
freestream pressure which can be converted to the total jet pressure. Since the velocity
within the thrust chamber is near zero, it is assumed that the total jet pressure is equivalent
to the static pressure in the thrust chamber (the value that will be used in OpenFOAM).
These inflow pressures have been compiled in Table 3.
Table 3: Jet Total Pressure at Tested Thrust Coefficients for the Central Nozzle
Configuration
𝐶𝑇
0.47
1.05
2.00
4.04
7.00

𝑃𝑡,𝑗𝑒𝑡 [Pa]
1.2555e+06
2.7866e+06
5.2947e+06
1.0680e+07
1.8495e+07

To create a comparison between the aerospike and the central nozzle configuration, the
thrust coefficients must be the same. Due to the shape of the engine and nature of the

33
aerospike, the thrust equation is slightly simpler; the aerospike is assumed to have an exit
pressure equal to the ambient pressure. The equation needed to determine the thrust is
𝐹 = 𝑚̇𝑉𝑒 + (𝑝𝑒 − 𝑝0 )𝐴𝑒

(6)

For an aerospike, the exit pressure (𝑝𝑒 ) and freestream pressure (𝑝0 ) cancel and the
rightmost term is removed. This rightmost term and the mass flow rate (𝑚̇) are the
determining factors in the difference of chamber pressures. To produce an equal amount of
force, the mass flow rate must be adjusted. An identical chamber temperature will be
assumed, with the only differing factor being the chamber pressure.
The mass flow rate of the engine can be calculated using
𝛾+1

𝛾 𝛾 + 1 −2(𝛾−1)
(7)
√ (
𝑚̇ =
)
2
√𝑇𝑡 𝑅
The mass flow rate is calculated at the throat where the flow is assumed to be choked at
𝐴𝑝𝑡

Mach 1. With this assumption, the equation simplifies to only require the total pressure
(𝑝𝑡 )and total temperature (𝑇𝑡 ), which are known quantities in the thrust chamber.
With the mass flow rate known, calculating the engine thrust is done using equation (6).
Since the exit area of the central nozzle configuration is small enough that the pressure
difference is relatively negligible in comparison to the mass flow rate, the same mass flow
rate can be used to calculate the total pressure used in the aerospike engine. For a 𝐶𝑇 of
2.00, the aerospike engine will have a total pressure of 4.394e+04 Pa. This number is
significantly lower than the central nozzle configuration due to the much larger throat area.
The thrust chamber inflow pressures for the thrust coefficients tested for the central nozzle
configuration have been compiled in Table 4.
Table 4: Jet Total Pressure at Tested Thrust Coefficients for the Aerospike Nozzle
Configuration.
𝐶𝑇
0.47
1.05
2.00
4.04
7.00

𝑃𝑡,𝑗𝑒𝑡 [Pa]
1.0419e+04
2.3125e+04
4.394e+04
8.8631e+04
1.5349e+05

For some of the higher thrust coefficients, it is easier to solve the for solution by using the
solution from the previous lower thrust coefficient as the initial condition. To prevent
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issues with poor initial conditions, it was found that including a ramp functionality to the
thrust chamber inflow allowed the pressure to increase at a slow enough rate to not have
large discontinuities as an initial condition. Additionally, the flat region behind both the
aerospike and central nozzle configuration meshes caused some problems with the first few
timesteps. This was remedied by setting the initial condition of the region immediately
behind the vehicle at a freestream velocity of Mach 1 rather than Mach 2. In some cases, it
was also required to provide an initial condition for the thrust chamber and nozzle. The
velocity in these regions was set to 0 while the pressure was set to the thrust chamber total
pressure if the initial thrust chamber inflow boundary condition was not equal to the
freestream pressure at the start of the ramp function.
For the aerospike engine configuration, the thrust coefficient that will be primarily
analyzed will be a thrust coefficient of 2.00. As seen in Figure 5, there is a noted change in
bow shock standoff distance that occurs at 𝐶𝑇 = 1.05. Because of this, 𝐶𝑇 = 2.00 is a data
point that is properly representative of the flow compared to the central nozzle
configuration. Additionally, 𝐶𝑇 = 4.04 will be tested to provide a means of comparing
different thrust coefficients. The other data points in Table 4 are provided for completeness
and future work.
The turbulence model used in these simulations is a Reynolds-averaged Navier-Stokes komega SST model. The purpose of this is to create a model as close to the one used in
FUN3D simulations by both Korzun and Cordell. Additional properties used in the
simulation are displayed in Table 5.
Table 5: Thermophysical properties for input into OpenFOAM.
Property
Number of moles
Molar Weight
Specific Heat Capacity
Dynamic Viscocity
Prandtl Number

2.5.3

Value [In SI]
1
28.9
1002.3
1.176e-05
0.74161

Comparison Cases for Aerospike Configurations

The primary means of comparison between different levels of truncation for the aerospike
design is to compare the radial pressure values at different truncations. The goal of this
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study is to create a graph that directly compares different levels of truncation for an
aerospike and compare its effectiveness with the established central nozzle configuration
radial pressure values. Thusly, the thrust coefficient case that will be used for analyzing
the effects of truncating the aerospike engine will be 2.00 to match an existing case and
serve as a representative case to test the aerospike’s effectiveness at drag retention or
augmentation. This is so that the aerospike can be compared with the existing central nozzle
configuration for a 𝐶𝑇 of 2.00 that was previously simulated.
There are two levels of truncation that will be examined for this study: 80% and 30%.
Between these two, the pressure distributions on the fore-body of the vehicle will be
compared to examine whether truncation influences the fore-body pressure.
To provide a comparison between thrust coefficients, the 30% truncated aerospike nozzle
geometry will be run at 𝐶𝑇 = 4.04. Since the effects on fore-body pressure when increasing
thrust coefficient is important to determine how well the aerospike nozzle configuration
can retain drag, the next highest thrust coefficient of 4.04 will be used.

Methodology Summary
To examine rhoCentralFoam, direct comparisons to experimental data and prior CFD work
must be made. Jarvinen and Adams’ wind tunnel tests along with Cordell’s work with
FUN3D, also based on Jarvinen and Adams, will be used as the basis of comparison. To
properly assess rhoCentralFoam’s ability to solve SRP cases, thrust coefficients examined
by previous work will be used to compare OpenFOAM to FUN3D. Using an aerospike
nozzle geometry with the same diameter as the central nozzle configuration, a thrust
coefficient of 2.00 will be used to compare fore-body pressure on the vehicle between
different levels of truncation. This will serve to examine if drag augmentation effects seen
in the peripheral nozzle configuration occur in an aerospike nozzle configuration. In
addition to the 𝐶𝑇 = 2.00 case, a 𝐶𝑇 = 4.04 case will be run to examine the effects of
altering thrust. Furthermore, the aerospike configuration will be compared to the central
nozzle configuration to examine whether drag retention is improved.
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3. VALIDATION OF RHOCENTRALFOAM

While the focus of this study is primarily to examine rhoCentralFoam’s capability to solve
SRP cases, a small amount of initial work was performed using sonicFoam, forming the
first part of the discussion. Following this, an analysis of rhoCentralFoam’s ability to solve
SRP cases is compared to FUN3D cases run by Cordell [9]. Concluding remarks that assess
the effectiveness of rhoCentralFoam will be made.

SonicFoam
Before rhoCentralFoam was used to perform analysis, sonicFoam was checked to
determine whether it was capable of simulating SRP situations properly. An initial setup
of sonicFoam with freestream parameters as described in Table 2 and thrust coefficients
of 1.05 and 4.04 was used. Originally, analysis was performed using an unstructured
mesh with the same geometry sizing. While this mesh is different than the one used in
more recent rhoCentralFoam runs that were used to examine the central nozzle
configuration, the results still provide sufficient evidence to suggest sonicFoam is
unsuitable for simulating SRP situations since structuring the mesh was primarily done to
improve solution convergence rates rather than solve any discontinuities.
The primary argument against sonicFoam is the apparent discontinuity at the inflow
boundary of the thrust chamber. This is seen when examining the pressure and calculated
density values within the thrust chamber. The velocity field does not show this
discontinuity so an initial glance suggests that the thrust being generated by the engine for
the same total pressure value as the corresponding thrust coefficient is far lower than it
should be. Comparing bow shock locations reveals a notable decrease in bow shock
standoff distance compared to results seen in Cordell’s work shown in Figure 20. The
velocity fields for the sonicFoam runs are shown in Figure 21.
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Figure 20: Mach contours for the central nozzle configuration. Reproduced from Cordell
and edited to display examined thrust coefficients only [9].
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CT = 1.04

CT = 4.04

Figure 21: SonicFoam runs for thrust coefficient values of 1.05 (top) and 4.04 (bottom).
Bow shock locations from FUN3D are overlaid in white.
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In theory, the area within the thrust chamber should have a velocity very close to zero with
a pressure equal to the total pressure specified for the chamber. In the case of sonicFoam,
the thrust chamber contains air with a pressure that has dropped to 2.2564e+06 Pa for the
4.04 thrust coefficient phase. This is a significant drop from 1.0680e+07 Pa that was set as
the total pressure value for the thrust chamber. The pressure drop occurs in all test cases
that are solved using sonicFoam. This is perhaps due to how sonicFoam is a pressure based
solver instead of a density based solver. Another issue is that the bow shock caused by the
plume is relatively weak, not distinct like those seen in rhoCentralFoam and FUN3D. Due
to the discontinuity seen at the thrust chamber inflow, use of sonicFoam was discontinued
and the study was switched to using rhoCentralFoam.

RhoCentralFoam Validation
RhoCentralFoam proved to be far more effective than sonicFoam since it did not create a
pressure discontinuity. However, some inconsistencies arise between the rhoCentralFoam
simulations and Cordell’s analyses performed in FUN3D. Most notably, the
rhoCentralFoam simulations do not have the same formation of jet terminal shocks that are
seen in Figure 20. The results of rhoCentralFoam runs on the central nozzle configuration
defined in Figure 14 are shown in Figure 22. As evidenced in the figure, the bow shock
standoff is significantly further out than it should be. One aspect of the flow noted by
Cordell is that the flow changes form at a thrust coefficient of 1.05. This can be seen in
Figure 20 where a sharp jet terminal shock forms for thrust coefficients above 1.05. In the
rhoCentralFoam runs, these jet terminal shocks do not appear and the flow forms into a full
Mach diamond instead of abruptly turning. For thrust coefficients lower than a thrust
coefficient of 1.05 the exhaust plume forms two Mach diamond cells rather than the one
seen in work done by Jarvinen and Adams as well as Cordell. Interestingly, the zero-thrust
case produces a result almost identical to that of Cordell’s work. This leads to the
conclusion that the difference comes from either the interaction between the exhaust plume
and the oncoming flow or a discrepancy in boundary conditions rather than an inherent
incapability to solve for bow shocks. While rhoCentralFoam has been shown in other work
to properly simulate thrust as well as bow shocks, the combination of the two can result in
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errors. This limitation can become an issue in predicting drag effects in SRP configurations
since the flows are important in affecting the pressure on the vehicle.

Figure 22: rhoCentralFoam runs for the central nozzle configuration for thrust coefficient
values of 0.00, 0.47, 1.05, 2.00, 4.04, 7.00. Bow shock locations from FUN3D are
overlaid in white.
From Figure 23 it is easy to note that the bow shock as generated by OpenFOAM is not
behaving in the same manner as the FUN3D solutions found by Cordell.
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Figure 23: Normalized bowshock standoff distance for OpenFOAM and FUN3D.
Measurements for FUN3D are from Figure 20 while measurements for OpenFOAM are
from Figure 22.
The trend seen in the flow shows a decrease in bow shock standoff at a thrust coefficient
value of 1.05 characterized by a change in the plume shape. As described by Cordell, 𝐶𝑇
values less than 1.05 demonstrate a jet penetration mode while 𝐶𝑇 values exhibit a distinct
terminal shock. This change in flow behavior is seen in the FUN3D simulation whereas it
does not appear in the OpenFOAM simulation. There is no decrease in bow shock standoff
that occurs between 𝐶𝑇 = 1.05 and 𝐶𝑇 = 2.00. When overlaid, this difference in bow
shock at higher 𝐶𝑇 values becomes obvious. While the initial flow coming out of the nozzle
seems similar, the plume becomes much larger and extends further in the OpenFOAM
solution compared to the FUN3D solution as seen in Figure 24.
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Figure 24: FUN3D results for CT = 2.00 overlaid on top of OpenFOAM results.
The jet terminal shock that prevents the plume flow from progressing further upstream is
non-existent in the OpenFOAM solution. As well, the bow shock created using FUN3D is
much flatter than the OpenFOAM case. Experimental work from Jarvinen and Adams also
lines up very closely with the FUN3D results for 𝐶𝑇 > 1.05.
Another means of comparison is examining the pressure coefficients along the vehicle.
Cordell provides this data for FUN3D shown in Figure 25 and Figure 26. Along with data
for FUN3D, the chart of radial pressure coefficients also includes experimental data from
Jarvinen and Adams.
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Figure 25: Low thrust radial Cp distributions for the single nozzle configuration showing
both FUN3D results from Cordell and experimental results from Jarvinen and Adams.
Reproduced from Cordell [9].

Figure 26: High thrust radial Cp distributions for the single nozzle configuration showing
both FUN3D results from Cordell and experimental results from Jarvinen and Adams.
Reproduced from Cordell [9].
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The results of an equivalent chart for the OpenFOAM runs can be generated by probing
body surface locations and acquiring their static pressures. The pressure coefficients
generated from this are then compiled in the same manner. The results are shown in Figure
27 and Figure 28.
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Figure 27: Low thrust radial Cp distributions for the single nozzle configuration with
results from OpenFOAM.
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Figure 28: High thrust radial Cp distributions for the single nozzle configuration with
results from OpenFOAM.
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The magnitudes of the pressure coefficients are notably less than that of the FUN3D results.
The source of this discrepancy could be caused by a different value used for the calculation
of dynamic pressure used to non-dimensionalize pressure. Alternatively, the pressure
values on the surface could be sufficiently different from FUN3D that the pressure
coefficients would differ. However, the trends seen when increasing 𝐶𝑇 match what was
observed using FUN3D and seen in experimental data. Pressure on the body of the vehicle
decreases as thrust increases.

OpenFOAM Validation Remarks
OpenFOAM’s rhoCentralFoam solver seems adequate for capturing the important effects
found in the central nozzle configuration. While it does not seem capable of capturing the
change in plume behavior at a 𝐶𝑇 value of 1.05, the trends found in the pressure distribution
match what was seen in experimental and FUN3D data. In direct comparison to
experimental data, which FUN3D matches reasonably well, rhoCentralFoam is sufficient
for determining trends of pressure forces on the bow of a vehicle, but inadequate for
capturing flow phenomena.
OpenFOAM’s sonicFoam solver is incapable of solving SRP situations due to the pressure
discontinuity at the inflow of the thrust chamber. Also of note is that the bow shock is not
as strongly formed as is seen in rhoCentralFoam situations. As suspected, sonicFoam was
not suitable for the SRP situation in which a jet thrusts against oncoming flow.
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4. AEROSPIKE NOZZLE CONFIGURATION RESULTS AND
DISCUSSION

Although rhoCentralFoam is unable to correctly predict the bow shock and jet terminal
shock locations for the central nozzle configuration, an analysis of the aerospike could still
yield interesting results. The primary feature of interest for the aerospike nozzle
configuration is the appearance of plume shocks that form in such a way that oblique shock
interactions can occur in the center of the vehicle. The formation of plume shocks that are
sufficiently off-center would be able to create oblique shocks in the center and preserve
total pressure. If this occurs, then drag could be augmented for an aerospike nozzle
configuration.

CT = 2.00 Case for 80% and 30% Truncations
The simulation of a truncated aerospike nozzle configuration is straightforward. However,
in the face of oncoming flow, the aerospike geometry is shaped in the same manner as a
supersonic intake like those found on supersonic aircraft engines. The issue then becomes
whether the thrust from the thrust chamber is sufficiently powerful enough to ensure that
the flow stays attached to the ramp. For a 𝐶𝑇 of 2.00 this is not the case as seen in Figure
29.

Figure 29: CT = 2.00 with 80% and 30% truncation.
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In this case, the flow separates from the nozzle ramp at approximately where the 30%
truncated aerospike nozzle ends. When comparing the flowfields side by side, they are
nearly identical. The flow forcing the exhaust off the ramp is affecting the two nozzles in
similar manners. In addition, the exhaust plume terminates at the same extent as the 80%
truncated aerospike nozzle. Because of this, the bow shock seen in front of the vehicle is
the same size for both levels of truncation, with the flat portion from the 80% truncated
nozzle having no effect on the bow shock location. From here, we can examine the pressure
on the fore-body to see if there are any differences.
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Figure 30: Radial 𝐶𝑝 distributions for the aerospike nozzle configuration with results
from OpenFOAM for 80% and 30% truncations with CT = 2.00. Also shown are the
locations where the blunt fore-body meets with the nozzle ramp.
Interestingly, the pressure coefficient on the fore-body of the vehicle remains rather high.
This pressure can be directly compared to the OpenFOAM simulation for a central nozzle
configuration that has a 𝐶𝑇 = 0. This is true for both the 80% and 30% nozzle truncations
for a 𝐶𝑇 value of 2.00. This suggests that for an aerospike configuration, the front of the
vehicle does not experience as drastic of a pressure loss at 𝐶𝑇 = 2.00 as the central nozzle
configuration does, if at all. Functionally, the flow is simply passing through the bow shock
and there is no flow interaction between the exhaust plume and the airflow on the forebody of the vehicle.
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There begins to be some difficulty in interpreting the pressure on the body of the vehicle
at radial locations on the aerospike nozzle ramp, starting at a radial location of 0.16 for the
80% truncated nozzle and 0.40 for the 30% truncated nozzle. Since the ramp area is
significantly more slanted in comparison to the flat fore-body of the vehicle and the nozzle
primarily experiences pressure caused by the engine. The angle of the nozzle ramp would
cause a reduction in total axial force. Since the thrust coefficient is the same for both 30%
and 80% truncation levels, it is reasonable to see the pressure coefficients be nearly
identical.

CT = 4.04 Case for 30% Truncation
When increasing the thrust coefficient to 4.04 for a 30% truncated aerospike nozzle, there
is an expected increase in plume size as seen in Figure 31. Of note, the plume now expands
into center of the vehicle in addition to the outboard of the vehicle. This seems to shield
the fore-body from the oncoming flow by creating a lower pressure region.

Figure 31: CT = 4.04 with 30% truncation.
The pressure distribution along the fore-body can be probed to confirm this as seen in
Figure 32.
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Figure 32: Radial 𝐶𝑝 distributions for the aerospike nozzle configuration with results
from OpenFOAM for a 30% truncation at CT = 2.00 and CT = 4.04.
The pressure coefficient on the flat section inboard of the ramp is significantly lower for
𝐶𝑇 = 4.04 than 𝐶𝑇 = 2.00. Although drag can be maintained at lower thrust coefficients,
the effect of the flow at higher thrust coefficients is a reduction of aerodynamic drag.
However, this reduction in drag is still far less than that of the central nozzle configuration
at an equivalent thrust coefficient seen in Figure 28. Although it is assumed that the
pressure coefficient is split into drag when taken on the fore-body, and thrust when taken
on the nozzle ramp, this distinction is not necessarily exact.

Aerospike Engine Summary
The effects of truncation on the aerospike nozzle configuration are rather minimal for 𝐶𝑇 =
2.00 as evidenced by the radial pressure distribution. For this thrust coefficient, there is no
flow obstruction caused by the exhaust plume and the force of the oncoming flow is
unhindered. The flow does however pass through a normal shock, resulting in a decrease
in total pressure. This suggests that an aerospike nozzle configuration behaves very closely
to the peripheral nozzle configuration in that it has improved drag retention over the central
nozzle configuration. However, the exhaust plume is not in the correct position to cause
the drag augmentation effects found in the peripheral nozzle configuration reported by
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Bakhtian [15]. As seen in the examination of a higher thrust coefficient of 𝐶𝑇 = 4.04, the
flow begins to obscure the fore-body of the vehicle and reduce drag, much in the same way
as the central nozzle configuration and peripheral nozzle configurations at higher thrusts.
More work will need to be performed to fully understand the intricacies of an aerospike
nozzle configuration. If there could be some means of reducing the amount of flow that
travels inboard of the vehicle, more drag may be achievable.
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5. RECOMMENDATIONS AND FUTURE WORK

Future Work for Aerospike Nozzle Analysis
An initial look at an aerospike nozzle configuration does not reveal any significant benefits
over the peripheral nozzle configuration for the purposes of drag augmentation. The
pressure coefficient on the fore-body of the aerospike nozzle configuration is almost
identical to that of the zero-thrust case for a central nozzle configuration. At best, this
finding suggests that the aerospike nozzle configuration may be superior to the central
nozzle configuration for the purposes of drag retention. It may be found that at higher thrust
coefficients, the flow will not separate from the nozzle ramp and may begin to interfere
with the pressure forces on the fore-body of the vehicle. Further analysis would be required
to examine a range of thrust coefficients for this nozzle configuration to determine whether
the drag retention remains at higher thrust. If the flow does indeed avoid the region directly
ahead of the flat truncated section, then it could be comparable to a peripheral nozzle
configuration without drag augmentation effects.
Differing methods of aerospike nozzle length reduction were suggested by Pearl such as
truncation, parabolic contouring, and geometric scaling [34]. While these other methods
do not provide a flat drag surface on the fore-body of the vehicle, they may still be worth
investigation as to their effects on thrust for SRP. There may also be some benefit in
moving the engine further outboard of the vehicle by having a nozzle ramp stand-off. This
could allow for a fully formed aerospike nozzle while maintaining a blunt fore-body.
It may also be useful to investigate the aerospike nozzle configuration using FUN3D since
it is a validated solver for running SRP simulations. As an added benefit, the solver could
be set up in such a way that it uses the exact same input parameters as those used by Cordell
to examine the aft-body nozzle configuration.

Further CFD Experimentation
An initial assessment of the capability of OpenFOAM showed that it was adequate at
solving SRP situations. With a 32-core computing system and limited time, the number of
runs that can be performed is restricted. With additional resources, the node count could
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be increased. As mentioned in Cordell, grid refinement could be a critical factor in
capturing the jet terminal shocks that were missing from the OpenFOAM runs in this study
[9].
The FUN3D simulation used a full body 3D mesh and geometry rather than the wedge used
for OpenFOAM. With more time, full body 3D meshes could also be generated and
simulated using OpenFOAM. While the wedge is able to capture radial effects to some
degree, there is potential instability in the flow that is not symmetrical, as noted by Korzun
et al. [18]. A 3D mesh could capture this instability as well as provide a better visualization
of pressure forces on the fore-body of the vehicle.

Additional Design Consideration
Due to the differences between the aerospike nozzle configuration and other nozzle
configurations, there are many aspects of the design that are not understood. Due to the
shape of the vehicle, moments and centers of mass may be different than those seen in
peripheral nozzle configurations. The storage of propellant and personnel within the
vehicle may prove difficult for maintaining a center of mass that will result in stable flight.
As well, the moments capable of being generated by a full body aerospike with throttleable
thrust cells may be too small to adequately provide control authority.
The question of structural concerns is also raised when comparing the design of the nozzle
to the heat shield of ballistic entry vehicles. It is unclear if interactions between the flow of
exhaust and the oncoming flow will cause an increase or decrease in heat load on the front
of the vehicle. The design may become infeasible from a thermal and structural standpoint
even if it is shown that drag can be retained at higher thrust coefficients.
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6. SUMMARY

With entry, descent, and landing technology introduced during the Viking era reaching
their limits, alternative methods such as supersonic retro-propulsion have become
appealing as a means of delivering high mass payloads to Mars. However, supersonic retropropulsion currently runs into the issue of having greater mass penalties due to large
propellant requirements for fully propulsive deceleration trajectories.
Prior attempts have demonstrated that supersonic retro-propulsion can be used for drag
modulation and augmentation particularly when using a peripheral nozzle configuration.
With the proposed aerospike nozzle configuration, there are signs that drag preservation
equivalent to that of a no-thrust case can be achieved with the proper amount of thrust.
Because of limited flowfield interaction with the bow shock for a thrust coefficient of 2.00,
the pressure on the fore-body of the vehicle is unaffected in comparison to no thrust cases.
At a higher thrust coefficient of 4.04, the exhaust plume travels inboard of the nozzle ramp
edge causing a drop in surface pressure along the fore-body, much in the same way that
the peripheral nozzle configuration behaves at higher thrust coefficients.
Previous work demonstrates that computational fluid dynamics is a useful tool in
examining supersonic retro-propulsion nozzle configurations. Solvers such as FUN3D
have already been shown to be proficient in analyzing supersonic retro-propulsion cases.
OpenFOAM’s suite of solvers, particularly the rhoCentralFoam solver, shows promise in
being able to simulate supersonic retro-propulsion cases. In comparison to FUN3D and
experimental data, tests of rhoCentralFoam demonstrated an inability to capture certain
flowfield properties. The shift in flowfield behavior that occurs at thrust coefficients near
1.05 as shown in FUN3D and experimental data does not occur in rhoCentralFoam. As a
result, the bow shock standoff location is much further forward in rhoCentralFoam
compared to FUN3D. There has been evidence in prior work that suggests that increasing
mesh density can cause the flowfield to behave correctly. Turbulence and viscosity models
have also been shown in prior work to have great effect on the solution. Other turbulence
models available in OpenFOAM may produce more accurate results.
SonicFoam, another OpenFOAM solver, is incapable of solving supersonic retropropulsion cases due to a discontinuity in pressure at the inflow boundary condition of the
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thrust chamber. This resulted in a far lower mass flow rate and smaller exhaust plume. The
lack of thrust was a severe limitation when using sonicFoam and prevented further use for
supersonic retro-propulsion applications.
This study shows that rhoCentralFoam can be used to some extent as a solver for supersonic
retro-propulsion cases. In addition, an aerospike nozzle configuration warrants further
investigation to examine the effects of drag preservation.
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APPENDIX

% Date: 9/26/2017
% Description: Calculates the ramp for a toroidal aerospike engine and
% outputs the x and y coordinates to a geo file for input into gmsh
%
% Inputs:
%
[M_exit]
desired exit Mach number of the flow
%
[gamma]
ratio of specific heat
%
[N]
number of nodes along the ramp
%
[truncation]
percentage of truncation of aerospike, 1 is
no
%
truncation
%
[vehicle_radius]
total vehicle radius including cowl
%
[cowl_radius]
total cowl radius past ramp
%
[offset]
distance end of aerospike point is offset
from
%
origin
% Outputs: x and y coordinates of the ramp, cowl, and surrounding farfield
%
to a .geo file for use in gmsh
clc
clear
close all
%% Inputs
M_exit = 3.5491; % desired exit Mach number, can be changed
gamma = 1.2; % heat ratio of atmosphere
N = 20; %number of nodes
truncation = .8; %percentage of truncation
vehicle_radius = .0508; %radial extent of the entire vehicle
cowl_radius = .003; %radial extent of just the cowl
ramp_radius = vehicle_radius-cowl_radius; %radial extent of just the ramp
offset = 0; %distance of offset
%% Initial setup
v_exit = P_M_v2(M_exit,gamma); %Prandtl-Meyer exit angle, or the total
turn of the flow
v_values = linspace(0,v_exit,N); %create array of angles ranging from 0
to the exit angle from tip to base
%% Calculate ramp and mach lines
x(1) = -1*cosd(90+v_exit)+0; %determine the x coordinate of the base
r(1) = -1*sind(90-v_exit)+0; %determine the r coordinate of the base
for i = 1:length(v_values)
M_values(i) = P_M_m2(v_values(i),gamma); %determine the mach number
after going through angle v
alpha_values(i) = asind(1/M_values(i)); %determine angle of mach line
from flow
mach_lines(i) = alpha_values(i)+v_values(N+1-i); %determine absolute
Mach line angle
%find the intersection point of the Mach line and the ramp line to
%determine the next point
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a
b
c
d

=
=
=
=

-tand(v_values(N+1-i));
-tand(mach_lines(i));
r(i) - tand(v_values(N+1-i))*x(i);
0;

A = [1 a; 1 b];
B = [c; d];
sol = A\B;
r(i+1) = sol(1,1);
x(i+1) = sol(2,1);
end
%% resize aerospike points to desired dimensions
rmin_1 = r(end);
xmin = x(1);
r = r - rmin_1 + offset;
x = x - xmin;
rmax = r(1);
rmin_2 = rmin_1/-rmin_1*ramp_radius;
xmin = xmin/-rmin_1*ramp_radius;
r = r/-rmin_1*ramp_radius;
x = x/-rmin_1*ramp_radius;
%% plot aerospike
figure(1);
hold on;
truncated_value = round((length(v_values)+1)*truncation);
plot(-x(1:truncated_value),r(1:truncated_value));
plot(-x(1:truncated_value),-r(1:truncated_value));
xlabel('length')
ylabel('radial distance')
title('Truncated Aerospike for Mars Atmospheric Conditions')
for i = 2:truncated_value
plot([-x(i),0+xmin],[r(i),0-rmin_2])
angles(i) = atand((-rmin_2-r(i))/(xmin+x(i)));
end
axis equal
%% print aerospike coordinates to gmsh geo format
fileID = fopen('AerospikeRampPoints.geo','w');
vehicle_gridsize = .02*vehicle_radius;
farfield_gridsize = .4*vehicle_radius;
%ramp
for i = 2:truncated_value
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
x(truncated_value + 2 - i), ...
r(truncated_value + 2 - i), ...
vehicle_gridsize);
end
%cowl
fprintf(fileID,'\nPoint(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
xmin, ...
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-rmin_2,vehicle_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
xmin-cowl_radius, ...
-rmin_2,vehicle_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
xmin, ...
-rmin_2+cowl_radius,vehicle_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
xmin-cowl_radius, ...
-rmin_2-cowl_radius,vehicle_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
xmin-cowl_radius, 0,vehicle_gridsize);
%farfield
fprintf(fileID,'\nPoint(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
vehicle_radius*10, 0,farfield_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
vehicle_radius*10, vehicle_radius*10, farfield_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
-vehicle_radius*10, vehicle_radius*10, farfield_gridsize);
fprintf(fileID,'Point(ce++) = {%12.8f,%12.8f,0,%12.8f};\n', ...
-vehicle_radius*10, 0,farfield_gridsize);
fclose(fileID);
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